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ABSTRACT
The feasibility of using electrokinetic methodology for purging contaminants from soil was investigated by
laboratory experiments. The laboratory experiments consist of purging a prepared soil sample which loaded
with a known amount of benz(a)pyrene, B(a)P. The process was shown to be effective at removing B(a)P
from the soil, at least 77% removal under certain conditions. The factors which determine the success of the
decontamination were the combination effect of electroosmotic convection, ionic migration and using of
surfactant (Tween 80). The results suggested the possibility of using surfactant under the electric field. The
results could find a direct applicability in the enhanced remediation of B(a)P-contaminated soil.
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INTRODUCTION
Over the past 150 years, industrial, agricultural
and medical activities have generated large quantities
of hazardous chemicals that have caused
environmental pollution. The clean up of
contaminated land has become an increasing issue
due to the risk that exposure to pollutants poses to
human health (Menzie and co-workers, 1992).
Polycyclic aromatic hydrocarbons (PAHs) are
one class of environmental pollutants that have
accumulated due to a variety of anthropogenic
activities. They are significant concerned as
environmental contaminants because many of them
are mutagenic and carcinogenic (Sims and Overcash,
1983). The term PAH generally refers to
hydrocarbons containing three or more fused benzene
rings in linear, angular or cluster arrangements.
Figure 1 shows the structures and names of some
commonly occuring PAHs. The stability of PAHs is
related to the arrangement of the benzene rings in the
structure. PAHs with an angular arrangement tend to
be more stable than PAHs with a linear arrangement
(Blumer, 1976). PAHs are hydrophobic compounds
and their persistence in the environment is due to their
low water solubility (Cerniglia, 1992). They thus
rapidly become associated with sediments, and may
become buried and persist until degraded,
resuspended, bio-accumulated, or removed by
dredging. Generally, PAH solubility decreases with
an increase in number of fused benzene rings.
Volatility also decreases with an increase in the
number of fused rings (Wilson and Jones, 1993). As
the environmental contaminants, they have been
detected in a wide variety of environmental samples,
including soil, air, sediments, water, oils, tars, and
foodstuff.
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Figure 1.
Chemical structures of some common polycyclic
aromatic hydrocarbons.
Currently, a number of physical and chemical
approaches have been used for the remediation of
contaminated soil , such as the electrokinetics effect
(Acar and Alshawabken, 1993). The electrokinetics
effect is an excellent method to move metals and
organic compounds in soil and to gather them at a
common electrode where they can be collected and
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removed (Acar and Alshawabken, 1993; Probstein
and Hicks, 1993). However, sometimes it does not
collect the organic contaminants which often are
bound to the soil particles. This is where the
“surfactant-enhancement”  comes in (Lin and
Elektorowicz,1999). When the surfactant is added to
the soil, it reduces the inter facial tension between the
contaminant and the soil matrix allowing the organic
compounds to be “washed” off the soil particles.
These are then carried towards the cathode. Because
the direction and rate off flow is controlled, there is
maximum contact between the surfactant and the soil
particles, and hence maximum mobilisation of the
organic. Thus, adding a surfactant into the soil
enhances the effectiveness of the electrokinetic
process.
The main advantages of the surfactant-
enhanced electrokinetic process is that it captures the
majority of the contaminants, whether inorganic or
organic compounds. It can be used with wet soil, and
does not affect the integrity of the soil; and there is a
high degree of control of the movement of the
contaminant through the soil. Cost is relatively low
because the process requires little energy, and incurs
neither excavation nor transport costs. Most
importantly, the remediation process does not
generate more pollution (Maini and co-workers, 2000;
Mattson and co-workers, 2002, Saichek and Reddy,
2003).
The aim of this experiment is to investigate the
potential use of electrokinetics effect on the removal
of benz(a)pyrene (B(A)P) in spiked soil. B(A)P is one
of  carcinogenic compounds which is bound strongly
to the soil particles.
MATERIALS AND METHODS
Chemicals
Benz(a)pyrene (B(A)P) and surfactant (Tween 80)
were purchased from Aldrich Chemical Company
(Milwaukee, WI, USA).
Instrumentations
Ultrasonic extractions were performed using a
300 watt Fisher Sonic Dismenbrator Model 300 with
a 1 inch diameter titanium tip (Fisher Scientific,
Fairlawn, NJ) at maximum power. Reserve phase
HPLC using a Novapak C-18 (100 mm x 8 mm) was
performed on a Hewlett-Packard Model 1090 liquid
chromatograph with a built-in diode array detector.
The instrument was also equipped with a Hewlett-
Packard Chemstation data system (Hewlett-Packard)
Co., Missisauga, Ontario), a Bunchi R 110 rotavapor
(Brinkmann Instruments, Rexdale, Ontario) was used
for reduction of organic solvent volumes.
Experimental methods
The electrokinetic cell and soil contaminated by
benz(a)pyrene (B(A)P) were performed in container
made of rigid polyethylene for electrical insulation.
Inner dimension of the container were 5 cm in width,
2 cm in height, and 14 cm in length. Two plate
electrodes, made of stainless steel mesh, were placed
at both ends of cell and connected in parallel to a
power supply. Regulated power supply was used to
apply a constant voltage (5.25V) between the
electrodes.
A nonionic surfactant,  Tween 80, was used in this
experiment. It carries no discrete charge when
dissolved in aqueous media, and was therefore
unlikely to compromise the migration of any species.
Hydrophilicity in nonionic surfactants is provided by
hydrogen bonding with water molecules. Tween 80 is
a polyoxyethylene surfactant, the solubility of which
in water derives from recurring ether linkages in a
polyoxyethylene chain -O-CH2CH2-O- CH2CH2 -O-CH2CH2 -O-. Tween 80 is actually a mixture ofcompounds, whose structure is summarised in Fig.2.
Figure 2
Structure of Tween 80
w + x + y + z = 20, and R is  (C17H33)COO
Preparation of model spiked soils
For the experiments below, two soil types, clay soil
(yellow) and sandy soil (red), were used. A solution
of 26 mg or 100 mg benzopyrene in dichloromethane
(20 mL) was added to the soil (1 kg), and the solvent
was removed by rotary evaporation, rotation being
maintained for 1 h to assure homogenisation. These
were used as sources of 26 ppm and 100 ppm
contaminated soil respectively.
The electrokinetic experiment.
Fifty mL  0.01% polyoxyethylene surfactant (Tween
80) was added to a slurry (50 g) of the contaminated
soil which contained 26 ppm benzopyrene (B(A)P).
Both soil types above were use initially: a loam
containing clay and an essentially sandy loam. A
potential of 5.25V was applied across the system,
through platinum electrodes (see Figure 3). Water
was applied drop-wise in the anode area at a rate of
about 0.5 mL per min, and collected from the cathode
area. No surfactant was present in the eluting water,
as it was felt this would most closely resemble the
O
(O-CH2CH2)xOHHO(C2H4O)w
CH(O-CH2CH2)yOH
H2C(OC2H4)zR
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field situation where prolonged use of significant
quantities of surfactant would create environmental
problems of its own (Hommel, 1990; Oberbremer,
1990). After ten days with daily measurements of
electrical parameters and water collection at the
cathode area, the soil was divided into seven vertical
slices, each approximately 2 cm wide, and the B(A)P
analysed in each slice by using HPLC.
Schematic of the electrochemical setup
Anode(+)Cathode(-)
water collection
water supply
Tween 80
Tween 80
Tween80
Tween 80
Tween 80
Tween 80
BA P
Figure 3.
Schematic of cell used for electrokinetic studies
RESULTS AND DISCUSSION
The eventual target area was several hectares
in area, and contamination was observed to a meter in
depth. Although the use of a surfactant to aid
solubilisation and migration of PAHs has been
discussed, it was felt that it was environmentally
irresponsible to add surfactant continually with the
effluent water. It was therefore necessary to first
ascertain whether an initial single dose of surfactant
would be sufficient. The various parameters in the
experiment were changed to ascertain their
importance.
1. The anode area was near the water supply and the
cathode area was near the water collection points. The
surfactant was expected to allow partial solubilisation
of the B(A)P, which would migrate in the direction of
the electro-osmotic water flow. The chemical
analyses of B(A)P in the soil indicated that the
hydrocarbons had migrated from the anode area
toward the cathode area (Fig. 4), as the concentration
of the B(A)P was found to be higher at the cathode
area. It is apparent that the surfactant has allowed the
transportation of the B(A)P towards the cathode and
indeed most of the B(A)P (77 %) had been removed
from the soil into the effluent water. This was
particularly gratifying, as the surfactant was applied
to the soil only before the commencement of the
experiment, and could be expected to be removed
with the water flow. It was therefore possible that the
depletion of B(A)P was due mostly to the
electrokinetic effect alone.
cathode(-) water flow anode(+)
cathode (-) water flow anode(+)
Figure 4.
Concentration of B(A)P after surfactant and electrokinetic
treatmenta
The values of all analyses shown in this and
following graphs were reproducible, with ranges of
less than 5%.
2. To determine whether B(A)P depletion was due to
an electrokinetic effect or merely due to the direction
of flow of water, and thus the effect of the surfactant,
the electrodes were reversed.  In addition, the total
concentration of B(A)P in this experiment was
increased to 100ppm, in order to determine whether
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the removal of 20 ppm of contaminant was absolute,
or relative (77%).  In this case, the anode area was
near the water collection and the cathode was near the
water supply. The results (Fig. 5) show that once
again there is a tendency for B(A)P to migrate
towards the cathode due to the electrokinetic effect,
but also towards the anode in this case due to the
direction of water flow, solution being aided by the
effect of the surfactant. Summation of the columns in
Fig 4 suggests that very little, if any, B(A)P had been
eluted; redistribution of the hydrocarbon by a
combination of the effects was the major outcome.
Cathode (-)         water flow Anode(+)
Figure 5.
Concentration of B(A)P in soil after electrodes were reversed
3. To clarify the relative effects of surfactant and the
potential electrokinetic effect, the experiment was
repeated with surfactant in the water reservoir (ie
continuous addition),   but without the application of
DC power. The results should give an indication of
the solubilisation effect alone induced by the
surfactant. The result (Fig. 6) showed a different
pattern to that discussed above. While it is clear that
B(A)P was depleted to some extent from the system,
the levels remaining in the soil were approximately
three times as high as when the low potential
difference was applied.
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Figure 6.
Concentration of B(A)P without connecting to the electrodes.
CONCLUSIONS
From the above results it is clear that the application
of surfactants alone allows the migration of limited
amounts of PAHs through soil. This contrasts with
the conclusion of Aronstein and Alexander (1993)
who reported very limited movement of PAHs from a
similar soil, and also using a neutral surfactant.
The use of surfactant and the electrokinetic effect for
rapid removal of B(A)P on the soil was successfully
demonstrated on a laboratory scale. It was assumed
that the surfactant promote PAH release and
migration in the soil in the direction of the electro-
osmotic water flow. The observation suggested the
following:
1). that the hydrocarbon had migrated from the
positive electrode region towards the negative due to
the electrokinetics effect.
2). that the dentency for B(A)P to migrate towards the
cathode wa accutuated by the direction of water flow.
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